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Abstract

Solid solutions of1-x)BaTiO;—xBi(Mg,,3Nb;3)O05 (0 < X < 0.6) were prepared via a standard mixed-oxide solid state
sintering route and investigated for potential use in high-temperaturetoapgplications. Samples with 0sdx <

0.6 showed a temperature independent plateau in permittiyjtyQptimum properties were obtained for x = 0.5
which exhibited a broad and stable relative 940+15% from ~ 25°C tdb50°C with a loss tangent < 0.025 frord

to 455°C. The resistivity of samples increased with increadii@vg,;sNby3)O3 concentration The activation
energies of the bulk were observed to increase frd@ tb. 2.25 eV with an increase in x from 0 to 0.6. These
ceramics exhibited excellent temperature stable dielectric properties and are grocaisdidates for high

temperature multilayer ceramic capacitors for automotive applications.
Keywords: Dielectric materials/properties; Electroceramicsatifree ceramics; Impedance spectroscopy
I Introduction

Ceramic capacitors are the most extensively used components innnebeigtronic devices. Trillions of pieces of
these ceramics are manufactured every year and hundreds of multémgieric capacitors are used in typical
electronic devices facilitating everyday life such as cell phones and corﬁtﬁhﬂs{echnological importance of a
material can be recognized by its dielectric behavior and BaTéferred to as the cornerstone of the electroceramic
market, is the base material for the majority of ceramic capdcjone. Electrical Industries Association (EIA)

designate the upper working temperature range of X7R, X8R and X9Ritoepas 125°C, 150°C an@00°C,



respectivelywhere X shows the lower operating temperature (X = -55°C) and R gshewsriation in capacitance
(i.e. 115%E|The multifold increase in the use of electronic devices during the lasideades has significantly
increased the demand for capacitors for applications in extreme engimtairoonditions. Such capacitors should be
stableat temperatures approaching or exceeding 200°C, for example, domugown-hole oil and natural gas

explorations, aerospace and military equipment, and under-hood autoetetitrenic

Pb-containing perovskite dielectrics are known to opeedteemperatures higher than BaEiBased but PbO is
toxic and therefor®b-free ceramics are preferRecent studies have therefore focuse@ihased perovskite -
BaTiO; solid solutions for the development of high temperature ceramicitagadlany such compounds show
promising dielectric properties at > 200°C, includin@j(Mgl,zTi1,2)03—BaTiO3|T—”| BaTiQ—BiScO,Ij BaTiOs—
Bi(znllzTillz)Os—BiSCOslj Bi(Zn2/3Nb1/3)03—(K0.5N30.5)Nb03|j (1'X)Bao.8C30.2Ti03—XBi(Mgo.sTio.s)oﬂ
(1—x)BaO,SCa),ZTiog—xBi(Zno,g,Ti0,5)O3|f| BaTiorBi(Mgo,SZro,g,)oEI Bi0,5Nao,5Ti03—NaNbdri| and
(Bao_gcag_g)Tiog—Bi(Mg0,5Ti0,5)03—NaNbQ|f|AII these solid solutions exhibit stable relative permittivitig$ gver

a wide range of temperature. In some cases, temperatule statises due to the overlap of two broad permittivity
peaks while in others, structural and compositional heterogenaitiebeen reported to contribute to the flattening

of &}~"|as demonstrated by the core-shell grain structures identified in B&i%2

Recently,(1-x)BaTiO;—xBi(Mg,sNby5)O0s (X = 0.1) has been reported as a promising candidate material for high
temperature capacitor applications due to its Bjg6800+15%) and low loss (t&r< 0.09) at temperatures ranging
from 25°C to 240°C (1 kHEI Wang et ﬂinvestigated the same 0.8BaTi0.2Bi(Mg,3Nby5)O; system and
reported relaxor-like behaviour withtemperature stable permittivity response frd@@ to 300°C. This work was
followed by Ma et who processd BaTiOs-Bi(MgysTay5)Os solid solution for applications at lower
temperatures but utilized more expensiaOs rather than NfDs. Here, we report the processing and dielectric
properties o{1-x)BaTiOs—xBi(Mg2sNb,/3)O5 in which 0.4<x<0.6 exhibit a temperature independent plateau of &, up

to high temperatures (>56Q).
. Experimental procedures

To preparg1-x)BaTiOs—xBi(Mg,sNby5)Os (0 < x < 0.6) batch composition®8aCQ; (Sigma Aldrich, >99%), TiO,

(Sigma Aldrich, >99%), Nb,Os (Alfa Aesar, >99.5%), MgO (Sigma Aldrich, >99.9%) and Bi,Os (Sigma Aldrich,



>99.9%) were weighed in stoichiometric ratios. BagG@nd ByO; were dried at 180°C while other oxides were
heated at 800°C to remove moisture and hydroxides prior to batch prepaiditibe batches were mixed-milled in
polyethylene jars for 12 h, using isopropanol as lubricant and Yhtmegl zirconia balls as grinding medide
resulting slurries were dried at 90°C overnight and then sieved. Theskepeamples were calcined in a muffle
furnace at900-1150°C for 6 h, at a heating/ cooling rate of 5°C/min. The calgioeeer samples were re-milled
using an agate mortar to dissociate agglomerates and pressed into ~ 3hmb® mign diameter cylindrical pellets
using a uniaxial pellet press. The pellets were sintaréemperatures ranging froh®50to 1350°C for 4h in air, at
heating/cooling rate of 5°C/min. The density of the pellets was measisiad a high precision electronic
densitometer (Mettler Toledo, Switzerlandyhase analysis was carried out using a D5000 Siemens X-ray
diffractometer (Germany), with CuiK= 1.5418 A radiationThe lattice parameters were refined using least squares
method. For electrical properties measurements, the opposite circular soffagasred pellets were coated with
gold paste and fired at 800°C for 2 h. The relative permittivitydielkctric loss at 1 kHz-1 MHz were measured in
the temperature range 25 to 550°C, usinga HP 4284A precision LCR Meter2Q Hz -1 MHz). Impedance

spectroscopy of tlsesamples was carried out usiag§4980A (Agilent) impedance analyzer2&tHz-2 MHz.
i, Results and discussion

The room temperature X-ray diffraction (XRD) patterns of (1-x)Ba®™Bi(Mg2;sNby3)O3 (0 < x < 0.6) samples
sintered at their optimized temperatures are shown in Fig. 1. The XRD patterm®di.e. BaTiQ) matched PDF#
01-074-1956 for the tetragonal () BaTiO; phase. The splitting of the diffraction peak ne@r-245° almost
disappead at x> 0.05 which suggested the formation of pseudo-cubic or cubic structtmasjstent with the
previous stwﬁThe XRD patterns shifted towards lowdr ®hich demonstrated an increase in lattice parameters
and hence, an expansion of the unit cell (FigN®) second phase peaks were observed within the detection limit of
the in-house XRD, which confirmed the formationacgfolid solution between Ba®; and Bi(Mg,sNb,/3)O; for x <

0.6. According to the principles of crystal chemistry and radius-matahiteg Bi** (1.36 ions are expected to
occupy the A-site withgg.» =1.61 andMg*? (0.72 Aﬂand NB°® (0.64 Aﬂare expected to occupy the B-site

with rgi.4 = 0.605 ﬂof the host lattice (equation 1).

in BaTiO; matrix

Bi(Mg,,Nb, 5)O, —  Big,+35 +2/3Mg7, +1/3Nb;, > @



The addition of Bl with (Mg,sNby,5)*" maintairs charge neutrality without the formation of metal and/or oxygen

vacancies.

Plots ofs and tald versus temperature measured at 1kHz-1MHz are shown in FigeX 3B compound exhilait

a sharp Curie point (tetragonal-cubic phase transition pPenfar ~126°C with a large frequency dispersion at
higher temperaturedypical behavior of un-doped BaTﬁ Broadening of the peak i was observed as x
increased from 0.05 to 0.1 along with a shift ytd@below room temperature.versus temperature flattened further
with an increase in x(> 0.2) and showed relaxor-like behavior. Relaxor-like characteristics appear avhen
crystallographic site is shared by two cations which results in an increabe random fields that inhibit the
development of long range polar ordeffllin the present case, A-site and B-site were shared by twd, @3)

and three cations (i Mg®* and NB") respectively which may be the cause for the observed relaxor-like behavior
An anomalous behavior was observed for the x = 0.3 sample3{Righich showed a peakt ~ 475°C which may be
associated with phase transition; however, the usa alternate technique (like in-situ XRD, TEM or Raman) may

be required to confirm the observed behavior.

Initially, the temperature () corresponding to the highest valuegpfiecreased from ~126°C (for x F 1 < 25°C

(for 0.05-0.1 and then increased upon further increase in BiNig,s)O; concentration (Tablel). This kind of
behaviorhas been previously reported for BaE&iBi(Mg1,,Ti1»)Oz solid solutions and the initial depression gf T
has been attributed to the relatively less interaction f Big?* and Tf* ions. After reaching a certain level, the
interaction of these ions enhanced and caused the observed. kiggrdcter of BMH&} at T, also decreased with
an increase in x (Tablelﬂ.Fig. 4 shows the percent (%) change;iaf (1-x)BaTiOs-xBi(Mg23Nb;/3)O3 (0.4 < X <
0.6) solid solution as a function of temperature at 1.KHis evident from Fig. 4 that the observed change is
within 15% over a wide temperature range for compositions with X3>The operating temperature ranges and

dielectric loss of these compositions extracted from Fig. 3 are given in Tlable compared with relevant data

from previous studigs|lf-| 'WCompositions with x = 0.5 were stable in the temperature range +@%%D°C

with a <15% change i (& max = 940) and &nd < 0.025 (at 1 kHz) fron¥4 to 455°C whereas the operating
temperature of compositions with x = 0.6 indicated <10% variatio# iim the temperature range 55°C5343°C

With & ma= 726.



Impedance spectroscopy (IS) is a powerful technique to investigate the elenicicatructure of ceramiEIThe
complex impedance plane plo' {ersus Z") showed two mutually overlapping electro-active regianthéox<

0.1 compositions. Fig. 5 shows the complex impedance plot of th® sample recorded at 450°C which was
further followed by the spectroscopic plot Id'and Z" as a function of frequency. The observed high freguenc
semi-circle or arc corresponds to the grain (i.e. bulk) while the low drexyuarc corresponds to the grain
boundany‘|which were further confirmed from the corresponding capacitances textriom the plots (Fig.)5

using equation (2) and (3)

1

-0
27 % f e R

1

C=———->3
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The x> 0.2 samples showed a single arc which is believed to be associatedengftaih because of the capacitance
values ~ 13" F as shown for the typical composition with x = 0.6 at 750°C,5ﬁ.‘rhe observed coincidence of
the peaks in the plots of M" and Z" versus log(f) sedwhat the samples could be represented by a single parallel
RC element in which both the total resistance and capacitance correspbedatmEIThe observation of Debye-
like single peaks at similar frequencies demonstrated the electrical homogegnbigysample. The x 0.5 sample
exhibited the most promising properties; therefthis, sample was thoroughly investigated using IS (Fig. 6). ag
shows the Nyquist plot§Z' versus Z") of the x = 0.5 sample which demonstrated a decreesssiivity with an
increase in temperature. A single semi-circular arc was observed at eactatarepedicative of a single electro-
active region. This was followed by the spectroscopic plotsgMWérsus logf, Fig. 6b) with a single peak which
shifted towards higher frequency with an increase in temperatuig.obkervation indicated an increase in the
mobility of charge carriers. To further investigate the electro-activerregioombined spectroscopic plot of Z" and
electric modulus M4, were examined which showed Debye-like single peaks at the empleagpdricies (Fig.
6c). These observations demonstrated a homogenous electrical microstafcthe sample in the investigated
temperature rangdo find the nature of electro-active region, the capacitance valuesalg® extracted (Fig. 6d).
A small variation in the capacitance was observed in the rang@'bfF, consistent with the capacitance of bulk

ferroelectricEIThe decreasing trend in resistivity (Fig. 6d) with increasing tempergawve a negative temperature

5



coefficient of resistivity (NTCR), a typical semi-conducting behavidre Temperature dependence of conductivity
indicated that the ionic conduction may be responsible for the observed irioreasductivity and oxygen vacancy
was the most mobile ionic defect. Arrhenius plotsogfand o4, were extracted from Mg/ and Z" spectroscopic
plots whichwere also used to determine the activation energy associated with conductiorhgegumation (4)
&

oc=0,e"" - (4
Whereo, is the pre-exponential factaky is the Boltzmann’s constant, T is temperature, anf, is the activation
energy. Ewas calculated from the slope of leg{ersus 1000/TThe conductivity of the x 0.2 samples was 30"
S/cm at 600°C, suggesting the highly insulating behavior with activath@rgies ranging from38 to 2.25 eV
(Table 2), calculated from the slope in Fig. 7. The composition with X4 showed an anomalous but the
discrepancy could not be understand and might need further investig@liaiole 2). The motion of oxygen
vacancies give rise to activation energy and are considered as the ol amarge carriers in perovskite

ferroelectricEIThese vacancies create conducting electrons which can be easily activated thbowater, the

present activation energies for conduction for sampte$.2 suggestd the possibility of electrical conduction due
to the mobility of oxygen ions (§ or oxygen ion vacancie‘s’g at higher temperatures and hence ionic conduction

may be responsible for the degradation of resistivity at higher temperﬁﬁs.—mwever, the large activation

energies of samples>0.03 suggest an intrinsic conduction mechanism i.e. carrier excitation amoisgrinsic

band gap.{*|Nonetheless, the compounds with< x <0.6 could be ideal candidate materials for high voltage and

high temperature power applicatﬂslue to their low dielectric loss and temperature stable relative permittivity

over a wide temperature range.
V. Conclusions

(1-x)BaTiOs—xBi(Mg2;3Nby 505 (x = 0-0.6) solid solutions were processed throagionventional mixed-oxide solid

state sintering route. Compositions witd<x<0.6 exhibiteda temperature independegjtover a broad temperature
range. The resistivity of tlse samples increased with increasiBgMg,sNby3)Os concentration, commensurate
with an increase in bulk activation energies frari8 to 2.25 eV However, the conductivity increased with an

increase in temperature indicating semiconducting behavior at higher &unpsrg 500°C). The low dielectric



loss and temperature stabdemake (1-x)BaTiO;—xBi(Mg,3Nb3)Os solid solutions with 0.4 x < 0.6 potential

candidates for high temperature capacitor applications.
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Table 1. Dielectric properties ¢f-x)BaTiO;—xBi(Mg,aNby5)Os (x = 0.3-0.6)

Sample Tm (°C) & (max) T-range (°C)  T-range (°C) T-range (°C)
(1kHz)  (1kH2) &+ 10% &+ 15% tans < 0.5
(1kHz) (1kHz) (1kHz)
BT-BMNb (x=0.3) 30 1010 151-350 77-395 45437
present work & =857H0 & = 857x15
BT-BMNb (x=0.4) 87 1007 ~ 25472 ~ 25550 57-380
& = 93340 & = 93315
BT-BMNb (x = 0.5) 96 974 40-487 34-550 74-455
present work & = 94040 & = 94015
BT-BMNb (x = 0.6) 106 737 55543 44-550 87-350
present work 726 & =726%15
0.5BCT-0.5BM[] 120 875 45550 - 100-430
& = 80040
0.5BT-0.25BZT-0.25BS 100 1000 100500 -- 100450
(Ba-deficienf}] 1100 & = 110040
0.6BT-0.4BMT’] 200 2000 200400 - 200400
& = 200040
0.85BT-0.15BMT+2wt% 14 & 130 900 -55-155 -- 0-200
Nb,Of7] &= 90040
O.QBT-O.lBMT@ ~25 1278 -- 30-150 30-198 (taw <
&130 &=1278 0.02)
O.QBT-O.lBMNE -- 6800 -- 20-240+15 30-198 (taw <
& = 6800+15 0.09)

*BCT-BMT (Bag &Cay sTiO5-BiMgo<Tios0s), BT-BZT-BS (BaTiQ-BizZng sTip{05-BiSCO;), BT-BMT (BaTiOx-
Bngol5Ti0_503), BT-BMTa (BaTiQ—XBngz/3Ta1/303), BT-BMNb (BaTi()g—XBngz/3Nb1/303)

Table 2. Activation energies of bulk {jEand grain boundary (B}, resistivities ) and conductivitiesd) of bulk

at 600C
X 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6
E/Eqp (eV) 1.18/1.45 1.16/1.24 1.30/1.47 1.58 1.87 1.93 2.24 2.25

o (Q-cm)  *4.8x10°  *9.4x10°  8.3x1( 14x1¢ 5.4x16 7.53x16  6x1C¢ 6.2x10°
op (Slcmit)  *2.1x10%  *1.1x10% 1.2x10"  7.2x10° 1.8x10" 1.32x10° 1.7x10° 1.6x10’

*(500°C)
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optimum temperatures
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